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Flow chemistry has emerged as a powerful approach for high-throughput and automated synthesis
workflows. However, downstream fraction collection remains a practical challenge: commercial systems
are often expensive and difficult to integrate, while most low-cost or DIY alternatives lack compatibility
with common organic solvents and real-time control. Here, we present a solvent-resistant, Python-
controlled fraction collector built from low-cost, modular components (~$1000). The system integrates
programmable vial positioning and real-time volumetric monitoring to enable accurate, flow-
independent fraction collection. Performance was validated across a range of flow rates (0.1-6
mL min~Y) and viscosities (0.45-500 cP), with consistent droplet mass and high reproducibility. It also
achieves high separation fidelity, with sharp fluid transitions and negligible carryover between fractions
under both aqueous and organic conditions. This open-source platform offers a robust, integrable

solution for automated flow synthesis and supports broader adoption of continuous, data-rich

rsc.li/digitaldiscovery

Introduction

Automation and machine learning are emerging as valuable
tools in modern chemistry, but much work remains to make
these tools accessible and affordable. Automated chemical
synthesis and characterisation platforms often rely on flow-
based systems to accelerate research.'” Unlike traditional
batch chemistry, flow-based systems are relatively straightfor-
ward to automate, enabling precise, automated tuning of reac-
tion parameters and making them especially advantageous for
reactions requiring tight control or hazardous conditions.*®
This has made flow chemistry attractive for organic synthesis,
including polymers, macromolecules, and pharmaceuticals, as
well as automated reaction screening.’** Whilst such physically
interconnected systems are amenable to automation, sample
isolation for characterisation and further downstream pro-
cessing is essential for most processes, especially at the end of
the workflow. Accurate, reproducible sample collection is
essential not only for monitoring reaction performance but also
for ensuring that downstream steps, such as NMR or chro-
matographic characterisation, receive consistent sample
inputs.***®

Fraction collectors can assist in this integration by auto-
matically separating samples eluting from a flow-based system.
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experimentation in organic chemistry.

This eliminates the need for researchers to manually gather
reaction products at the end of each iteration, reducing human
error and enabling uninterrupted, high-throughput experi-
mentation.'®* Most chemistry-focused commercial fraction
collectors are expensive and may be challenging to integrate
into automated experimental systems.'® On the other hand,
most of the more budget-friendly fraction collectors presented
in the literature are designed for aqueous chemistry or chro-
matography setups,’* and are incompatible with harsh
organic solvents (e.g., tetrahydrofuran (THF), toluene, chloro-
form), which are heavily utilised in organic synthesis. They may
also rely on pre-programmed flow rate and timing rather than
real-time feedback, which could potentially yield inaccurate
collection when a reactant or product is in the gaseous phase or
has high viscosity.** Thus, there is a strong need for a fraction
collector that is automatable, customisable according to project
needs, and resistant to the most common organic solvents.

Computer numerical control (CNC) machines, which use
a precise XYZ gantry to move an integrated toolhead, have been
repurposed to hold research tools for low-cost lab
automation.””>* For example, Monterrubio et al.** designed
a CNC-based liquid handler to enhance the reproducibility and
throughput of inorganic materials synthesis. Similarly, Quinn
et al.®® integrated liquid handling with electrochemical and
optical characterisation to perform closed-loop exploration of
functional polymer films. These systems are generally compat-
ible with Python-based or microcontroller-level control systems
and offer a compact, cost-effective, and flexible alternative to
commercial robotics.
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Table 1 BoM for constructing the fraction collector
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Item Manufacturer Part no. Qty Specifications Unit cost (USD) Notes

CNC router Genmitsu 3018-PROVer V2 1 425 x 352 x 300 mm 228.65 Main platform

Selector valve Runze fluid QHF-SV04M-B-X- 1 10 Port or 6 Port 414 Switching between
U-T10-K1.2 C waste and collection

Drop counter Vernier® GDX-DC 1 Go direct® 206 For drop counting

Fixture N/A N/A 1 Custom 3D-Printed 2 For integrating modules

Tubing IDEX 1502 =5 ft 1/16” OD x 0.030" ID, PFA  28.45 Tubing

Flangeless nut IDEX P-245 =5 1/4-28, PFA 3.36 Tubing connector

Ferrule IDEX P-200N =5 1/4-28 for 1/16” OD, ETFE 1.79 Tubing connector

Herein, we developed a solvent-resistant, Python-controlled
fraction collector compatible with a wide range of flow chem-
istry applications, including but not limited to organic
synthesis. Built from modular, low-cost components (~$1000
total), the system integrates with upstream flow reactors. All
wetted components are made of fluoropolymer materials, and
are compatible with common organic solvents, including THF,
acetone, toluene, dichloromethane, and ethyl acetate. The
system is built on a benchtop CNC platform that provides
programmable three-axis motion for precise vial positioning
and flexible layout configurations. A chemically resistant
selector valve programmatically toggles fluid output between
waste and collection modes, eliminating manual intervention
and minimising cross-contamination. The fraction collector
features a drop counter for independent control of each frac-
tion's volume and a compact form factor that can be easily
integrated into a standard chemistry fume cupboard. It also
provides real-time feedback on dispensed volume, enabling
reliable droplet detection and reproducible collection regard-
less of pump calibration or flow irregularities. Across replicate
experiments, the system achieved a coefficient of variation (CV)
of 1.3% in the fitted drop mass, indicating high precision and
repeatability. The collector ensures clean separations between
samples and can be customised for diverse laboratory setups.
The system supports high-throughput experimentation by
simplifying fraction collection and facilitating the generation of
large sample libraries to accelerate reaction discovery and
modelling.

Experimental
Materials

The chemicals we used for the experiments conducted in this
study are acetone (67-64-1, Sigma-Aldrich), isopropanol (IPA, 67-
63-0, Sigma-Aldrich), chloroform (67-66-3, Sigma-Aldrich), 5-
norbornene-2,3-dicarboxylic anhydride (826-62-0, TCI), ethyl
acetate (141-78-6, Fisher Chemical), piperidine (110-89-4,
Sigma-Aldrich), toluene (108-88-3, Sigma-Aldrich), tetrahydro-
furan (THF, 109-99-9, Sigma-Aldrich).

The bill of materials (BoM) for constructing the fraction
collector is shown in Table 1 below. The assembly guide is
provided in the GitHub repository.

Droplet consistency across flowrate and viscosity. It is
essential to verify that the system can maintain accurate droplet
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mass and reliable detection across a practical range of flow
conditions, as volume-based fraction collection relies heavily on
stable droplet formation. To assess the sensitivity, accuracy, and
droplet-mass consistency of the fraction collector, we per-
formed experiments to probe the system's response to
controlled variations in flow rate and fluid viscosity. We utilised
a Vapourtec R2C+ pumping module to pump all solvents,
standards, and reagents.

For the flow rate test, IPA (viscosity = 2.2 cP at 25 °C) was
used as the reference fluid. The R2C+ pump dispensed IPA at
controlled rates ranging from 0.1 to 6 mL min ', while the drop
counter and a precision balance simultaneously logged drop
counts and cumulative weight in real time. Each condition was
repeated three times, and the resulting droplet weights were
recorded to assess accuracy, consistency, and timing precision
across different flow conditions.

For the viscosity tests, Siltech viscosity standards ranging
from 1 to 500 cP and ethyl acetate (0.45 cP) were dispensed at 1
mL min~". Each viscosity test was repeated three times to assess
whether the drop counter could reliably register droplets under
varying viscosities.

Fraction accuracy via food dye. We designed a colour-
switching experiment using four visually distinct food dyes
(red, blue, yellow, and green) to evaluate the fraction collector's
separation accuracy. These dyes are ideal for validating fraction
purity because any cross-contamination produces easily
detectable spectral signatures.

The dyes were sequentially dispensed with the R2C+ pump at
a constant flow rate of 1 mL min~". The samples were collected
into a well plate by the fraction collector following predefined
timing intervals. Each sequence of four colours was repeated
three times to assess reproducibility and any cross-
contamination between consecutive fractions. The collected
fractions were then analysed using a Cytation 5 plate reader to
record their absorbance spectra across the visible wavelength
range. Reference spectra for each pure dye solution were
measured under identical conditions to serve as baselines.

Chemical reactions and analyses. To validate the operational
accuracy of the fraction collector in an organic synthesis setting,
we selected the aminolysis of nadic anhydride (5-norbornene-
2,3-dicarboxylic anhydride) with piperidine as a model trans-
formation. This reaction proceeds via nucleophilic ring-
opening of the anhydride, yielding an amide-carboxylic acid
product. The reaction was conducted in a Vapourtec R2C+ flow

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reactor with two 5 mL reactor coils (total reactor volume 10 mL)
and two pumps at 60 °C using anhydrous THF as the solvent.
0.9 M nadic anhydride and 1.0 M piperidine solutions in THF
were connected to pumps 1 and 2, respectively. A flow rate of
0.25 mL min " was applied to both reactants, and the total flow
rate was set to 0.5 mL min " using a backpressure regulator (set
at 8 bar) to maintain system stability, resulting in a total resi-
dence time of 20 min. Once steady-state conditions were
established, three consecutive 1 mL fractions were collected
using the fraction collector.

Each collected fraction was evaporated using a rotary evap-
orator and redissolved in 1 mL of CDCl;. A 200 pL aliquot was
then mixed with 50 pL of a 20 mM ferrocene internal standard
solution in DMSO-ds. To reduce proton exchange effects
between the solvent and the product carboxylic acid, 100 pL of
DMSO-ds was added to the Nuclear magnetic resonance spec-
troscopy (NMR) sample to suppress broadening of the COOH
peak. A 350 uL volume of the final solution was transferred to
a 3 mm NMR tube for analysis.

Quantitative "H NMR spectra were recorded on a Bruker
Ascend 400 MHz NMR spectrometer equipped with a liquid N,-
cooled cryoprobe. A pulse angle of 30° was used, with a relaxa-
tion delay (d1) of 35 seconds, calculated to be at least 7 times the
longitudinal relaxation time (73 = 4.9 s) of ferrocene to ensure
full relaxation and accurate quantification. Spectra were
acquired at 25 °C and referenced to residual proton signals of d-
DMSO (3 2.50 ppm). Product concentration was determined
relative to the ferrocene integral to allow direct calculation of
product yield.

Results and discussion
Design of a drop counter-based fraction collector

We developed a solvent-resistant fraction collector built from
low-cost, modular components (Fig. 1A) to enable accurate,
automated volume-based sampling in flow-based systems. The
system is based on a benchtop CNC machine that provides
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precise, programmable XYZ motion for toolhead and vial posi-
tioning. A solvent-resistant programmable selector valve directs
fluid flow to either waste or sample vials, enabling automated
switching between collection states without manual interven-
tion. A drop counter allows real-time, precise volume tracking
independent of flow rate or pump timing, particularly impor-
tant when handling variable flow conditions. It also serves as
a compact and inexpensive alternative to continuous high-
precision weighing. A 3D-printed fixture integrates the
selector valve and drop counter to the CNC machine and aligns
the dispensing tubing directly over each vial. This design
enables precise and flexible access to a large array of collection
vials while minimising cross-contamination between samples.

Fig. 1B shows the process schematics and workflow. Once
flow is initiated from the upstream reactor, fluid enters the
selector valve, which is used to programmatically switch the
output stream between waste and sample collection. Initially,
the system is set to direct flow to waste until the reaction rea-
ches steady state. Upon reaching steady-state, the toolhead
moves to a local waste container placed on the CNC platform
and switches the valve to direct fluid through the drop counter,
rinsing the collection tubing with a defined number of drops.
After rinsing, the toolhead transitions to the target sample vial
location (in this case, on a 48-well plate); during this transition,
the valve temporarily switches back to waste to prevent
unwanted dripping. Once in position, the valve is switched to
collection mode, and droplet counting begins. Droplet counts
are continuously logged during this stage to allow precise
volume measurement and real-time feedback for flow control.
Once the target number of drops is reached, the system auto-
matically switches the selector valve back to waste until the next
collection event.

Both the timing of fraction transitions and the required
rinsing duration can be programmatically defined using the
tubing length, inner diameter, and flow rate, allowing the
system to be adapted to different fluidic setups. All fluid-
handling operations and toolhead motions are controlled

B)
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Fig.1 Schematic and hardware overview of the solvent-resistant, Python-controlled fraction collector. (A) CAD rendering of the system, built on
a 3-axis CNC platform for automated vial positioning, with a drop counter for real-time volume monitoring and a 3D-printed fixture securing the
selector valve. (B) Functional flow diagram showing integration with upstream flow reactors or pumps. A selector valve alternates between
sample collection and waste modes. Droplet formation is monitored by the drop counter, enabling accurate, volume-based fraction collection
into user-defined sample vials. The bottom sequence illustrates the programmable collection cycle used to prevent cross-contamination.
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through a Python script that also logs droplet counts and
timestamps for each sample. All the wetted components are
made of fluoropolymers and are chemically resistant, allowing
compatibility with aggressive organic solvents such as tetrahy-
drofuran (THF), dichloromethane (DCM), acetone, and chloro-
form. This enables broad applicability across both aqueous and
organic synthesis workflows without hardware degradation or
failure.

Collection accuracy across varying flow rates and viscosities

It is critical to determine whether the fraction collector can
reliably perform volume-based collection across a range of flow
rates, as real-world applications utilise a broad range of flow
rates. Fig. 2 presents the cumulative weight plotted against drop
count for IPA dispensed from 0.1 to 6.0 mL min~", with three
replicates measured at each flow rate. The curves exhibit
a consistent linear relationship and show substantial overlap
both across replicates and between different flow rates.

From the slopes of these linear fits, we determined an
average droplet weight of 8.0 & 0.5 mg. The mean droplet mass
varies modestly with flow rate, rising from 0.1 mL min~" to
approximately 3 mL min~' and then decreasing slightly at
higher rates. This trend forms a broad central plateau, indi-
cating relatively stable droplet formation across most of the
tested range. The low standard deviation observed within each
flow-rate group confirms that the drop counter provides
consistent, repeatable measurements. The strong linear rela-
tionship between measured cumulative weight and drop counts
demonstrates the high sensitivity and precision of the drop
counter across the range of flow rates. However, at flow rates
beyond a practical limit (i.e., above ~8 mL min~ "), the liquid is
more likely to exit the tubing as a continuous stream rather than
as discrete droplets, which compromises drop detection. In
such cases, it may be necessary to have larger tubing inner
diameters to increase the cross-sectional area and reestablish
stable droplet formation.

= 0.1 mL/min , 7.1+0.2 mg/drop, R?=1.00 -

0.5 mL/min , 7.70.1 mg/drop, R?=1.00
20 | = 1.0 mL/min , 8.00.1 mg/drop, R*=1.00
—— 2.0 mL/min, 8.4+0.1 mg/drop, R?=1.00

> === 3,0 mL/min , 8.6+0.0 mg/drop, R?=1.00

£ 15 o = 4.0 mL/min , 8.40.3 mg/drop, R?=1.00
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Fig. 2 Collection accuracy tests of the fraction collector at different
flow rates using IPA. The plot shows the relationship between the
number of drops recorded by the drop counter and the corresponding
collected weight at flow rates ranging from 0.1 to 6.0 mL min™. Each
curve represents a different flow rate, with the associated droplet
weight and linear fit (R?) summarised in the legend. Shaded regions
represent the standard deviation across replicates for each flow rate.
The average drop weight across the range of flow rates is shown as the
red dashed line and the annotation.
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Fig. 3 Average droplet weight measured by the drop-counter-based
fraction collector at different fluid viscosities. Each bar represents the
mean droplet weight obtained from three repeated tests using Siltech
viscosity standards ranging from 1 to 500 cP and ethyl acetate (0.45
cP). Error bars indicate the standard deviation of droplet weight for
each viscosity condition. The error bars represent the standard devi-
ation calculated from three independent experiments.

Fig. 3 presents the droplet weights measured across fluids
spanning more than two orders of magnitude in viscosity.
Despite large differences in viscosity (i.e., 0.45 cP to 500 cP), the
measured droplet weights remain within a relatively narrow
range (~7-9 mg per drop), with moderate variation between
fluids. The small standard deviations within each viscosity
group (typically <0.1 mg per drop) indicate that the drop counter
consistently detects discrete droplets even when fluid rheology
differs substantially.

The observed variance between fluids may be influenced by
factors including pump compliance, fluid density, viscosity, and
interfacial properties.”*” In the present study, the relatively
larger deviation observed for the 1 cP standard is consistent
with its lower density compared with the other Siltech viscosity
standards used, which otherwise have more similar densities
across the higher-viscosity range. It was also qualitatively
observed that higher viscosity fluids sometimes exhibited
pulsation issues and reduced flow rates, likely due to increased
backpressure and mechanical limitations of the pumping
system. In the quasi-static regime, droplet detachment is gov-
erned primarily by the balance between gravity and surface
tension, and therefore droplet size is expected to depend on
fluid properties such as surface tension and wetting behaviour
rather than viscosity alone.?®*° As a result, different solvents or
additives may yield different droplet volumes under otherwise
identical conditions. The system does not assume a fixed
droplet volume across fluids, as the effective drop mass can be
empirically determined and, if needed, calibrated using refer-
ence measurements (e.g., gravimetric analysis) for fluids with
more extreme interfacial properties. Overall, the results suggest
that the fraction collector is compatible with a broad range of
liquids, including fluids more viscous than typical organic
reaction mixtures, and can support practical volume-based
fraction collection across diverse flow-chemistry conditions
while allowing fluid-specific calibration when needed.

Quality of separation

Fig. 4 shows the absorbance spectra of the coloured solutions
collected by the fraction collector. The characteristic peaks of
each colour are labelled by the dashed lines. The strong

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Absorbance spectra of food dye solutions collected by the fraction collector across three repeated batches. Each subplot shows the
normalised absorbance intensity of the red, yellow, blue, and green dye solutions, measured using a plate reader. Dotted lines indicate reference
spectra for each pure dye, while markers represent three independent collection batches. Characteristic absorption peaks of the colours are
indicated as vertical dashed lines at A = 520 nm (red), 4 = 430 nm (yellow), and A = 630 nm (blue).
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Fig. 5 (A) Reaction scheme showing ring-opening of nadic anhydride with piperidine to form the amide-carboxylic acid product. (B) Overlay of
'H NMR spectra (normalised to ferrocene internal standard) for three consecutive fractions collected at steady state. Key peaks highlighted:
ferrocene (4.0 ppm, red box), DMSO-dg solvent (2.5 ppm, green box), and carboxylic acid proton (11.6 ppm, grey box). (C) Expanded view of the
COOH region (10.5-12.5 ppm) showing excellent consistency across all three fractions (integrations: 5.51, 5.57, and 5.44 with reference to the

ferrocene peak, set to 1.00).

alignment between the collected spectra and the reference
measurements indicates that the expected absorption peaks for
the red (~520 nm), yellow/green (~430 nm), and blue (~630
nm) dyes are clearly preserved across all three batches. The
spectra show close overlap and no additional or intermediate
peaks, indicating that each fraction contained only the inten-
ded dye.

These results demonstrate that the system achieves effective
separation of sequential aqueous samples, with negligible cross-

contamination between consecutive fractions. The consistency
across the three independently collected batches reflects the
robustness and reproducibility of the program-controlled collec-
tion scheme, showing that the timing intervals and valve-
switching logic are sufficiently precise for repeated use. The
absence of intermediate colour peaks also indicates that the
rinsing steps effectively remove residual previous samples in the
tubing, preventing measurable carryover between fractions.

Table 2 Summary of product yield and production rate for the collected fractions

Fraction Product (pumol) Yield (%) Flow rate (mL min ") Collection time (min) Production rate (umol min )
1 275.50 55.10 0.5 2 137.75
2 278.50 55.70 0.5 2 139.25
3 272.00 54.40 0.5 2 136.00

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To validate the fraction collector's performance with organic
synthesis, we selected the aminolysis of nadic anhydride (5-
norbornene-2,3-dicarboxylic anhydride) with piperidine as
a model reaction. This reaction produces an amide-carboxylic
acid product via nucleophilic ring-opening of the anhydride.
The reaction was conducted in a heated flow reactor (60 °C, THF
solvent, total flow rate 0.5 mL min ') and, after achieving
steady-state operation, three consecutive 1 mL fractions were
collected. Each fraction was dried in vacuo, redissolved in
a deuterated solvent with ferrocene as an internal standard, and
analysed by quantitative "H NMR spectroscopy, enabling direct
calculation of product concentration, yield, and production
rate. The reaction scheme and representative NMR spectra are
shown in Fig. 5, with quantitative results summarised in
Table 2.

After normalisation to the internal ferrocene standard, the
COOH peaks exhibited nearly identical integrations (i.e., 5.51,
5.57, and 5.44) across the fractions (average yield = 55.1 +
0.9%). This result underscores the collector's precision in
volumetric sample separation and its compatibility with
downstream NMR analysis. The uniform product distribution
confirms that the fraction collector maintains consistent
sampling volumes and negligible cross-contamination between
fractions, validating its suitability for quantitative monitoring
of continuous flow synthesis. Together, the high level of
agreement in both spectral and quantitative data confirms the
collector's accuracy, reproducibility, and operational suitability
for automated flow synthesis, highlighting its strong potential
for integration into high-throughput and autonomous chemical
platforms.

Conclusions

We have developed and validated a low-cost, Python-controlled
fraction collector capable of accurate, real-time volume-based
sampling in continuous flow chemistry setups. By integrating
programmable hardware, real-time feedback, and open-source
control, the collector provides a flexible platform adaptable to
diverse laboratory workflows and automation pipelines. The
system's solvent-resistance enables compatibility with common
organic solvents (e.g., THF, toluene, chloroform) used in
synthesis, overcoming a key limitation of most budget fraction
collectors, which are restricted to aqueous or mild conditions.
Through testing across different flow rates and viscosities, the
system demonstrated largely consistent droplet mass and
detection sensitivity, ensuring robust performance under varied
reaction conditions. High-fidelity separation and reproduc-
ibility were confirmed by visible-dye experiments and quanti-
tative NMR analysis of a representative organic synthesis,
verifying separation quality and reproducibility under both
aqueous and organic conditions. This work lowers the hardware
barrier to entry for chemists interested in high-throughput
experimentation and autonomous synthesis, making
advanced fraction collection more accessible to a broader
research community. Future work may include the design of
a vial-capping feature to automate HPLC or SEC sample
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preparation, integration with in-line analytics, and machine
learning-guided optimisation loops.
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